RESEARCH ARTICLE | APRIL 03 2024

Alkali hydroxide (LiOH, NaOH, KOH) in water: Structural and
vibrational properties, including neutron scattering results

Ruru Ma @ ; Nitish Baradwaj 2 ; Ken-ichi Nomura @ ; Aravind Krishnamoorthy ¢ ; Rajiv K. Kalia
Aiichiro Nakano @ ; Priya Vashishta &

‘ '.) Check for updates ‘

J. Chem. Phys. 160, 134309 (2024)
https://doi.org/10.1063/5.0186058

@ B

View Export
Online  Citation

Chemical Physics

T
o
4]
c
-
=)
O

ﬂ
Q

L

-

S0:0%:91 ¥20Z AeN 0L

Boost Your Optics and
Photonics Measurements

Lock-in Amplifier
. - : T e .
N Zurich . M
Z\ Instruments ing ot more Wmmw'

IIShing Boxcar Averager



https://pubs.aip.org/aip/jcp/article/160/13/134309/3280573/Alkali-hydroxide-LiOH-NaOH-KOH-in-water-Structural
https://pubs.aip.org/aip/jcp/article/160/13/134309/3280573/Alkali-hydroxide-LiOH-NaOH-KOH-in-water-Structural?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0009-0007-6726-8211
javascript:;
https://orcid.org/0000-0003-2565-0096
javascript:;
https://orcid.org/0000-0002-1743-1419
javascript:;
https://orcid.org/0000-0001-6778-2471
javascript:;
https://orcid.org/0000-0002-8835-5249
javascript:;
https://orcid.org/0000-0003-3228-3896
javascript:;
https://orcid.org/0000-0003-4683-429X
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0186058&domain=pdf&date_stamp=2024-04-03
https://doi.org/10.1063/5.0186058
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2372063&setID=592934&channelID=0&CID=872267&banID=521836446&PID=0&textadID=0&tc=1&scheduleID=2290748&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjcp%22%5D&mt=1715359205122924&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0186058%2F19865628%2F134309_1_5.0186058.pdf&hc=96d30f887ed1e67d2b3bb3afc1ae2ffc3e7137a9&location=

The Journal

of Chemical Physics ARTICLE

pubs.aip.org/aip/jcp

Alkali hydroxide (LiOH, NaOH, KOH) in water:
Structural and vibrational properties, including
neutron scattering results

Cite as: J. Chem. Phys. 160, 134309 (2024); doi: 10.1063/5.0186058 @ Lk @
Submitted: 3 November 2023 « Accepted: 18 March 2024 - :
Published Online: 3 April 2024

Ken-ichi Nomura,' Aravind Krishnamoorthy,” Rajiv K. Kalia,'

1,a)

Ruru Ma,’ Nitish Baradwaj,’
Aiichiro Nakano,' and Priya Vashishta

AFFILIATIONS

T Collaboratory for Advanced Computing and Simulations, University of Southern California, Los Angeles,
California 90007-0242, USA

2Department of Mechanical Engineering, Texas A& M University, College Station, Texas 77843-3123, USA

2 Author to whom correspondence should be addressed: privav@usc.edu

ABSTRACT

Structural and vibrational properties of aqueous solutions of alkali hydroxides (LiOH, NaOH, and KOH) are computed using quantum
molecular dynamics simulations for solute concentrations ranging between 1 and 10M. Element-resolved partial radial distribution functions,
neutron and x-ray structure factors, and angular distribution functions are computed for the three hydroxide solutions as a function of concen-
tration. The vibrational spectra and frequency-dependent conductivity are computed from the Fourier transforms of velocity autocorrelation
and current autocorrelation functions. Our results for the structure are validated with the available neutron data for 17M concentration of
NaOH in water [Semrouni et al., Phys. Chem. Chem. Phys. 21, 6828 (2019)]. We found that the larger ionic radius [r(Li*) < r(Na*) < r(KJr )]
and higher concentration disturb the hydrogen-bond network of water, resulting in more disordered cationic hydration shell. Our ab initio
simulation data for solute concentrations ranging between 1 and 10M can be used to guide future elastic and inelastic neutron-scattering
experiments.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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I. INTRODUCTION

Aqueous solution of alkali hydroxides (e.g., LIOH, NaOH, and
KOH) are important basic solutions that are widely used in indus-
try, for metal production,” semiconductor manufacturing,” and
batteries.” Alkali metal hydroxide coatings have been known to
increase the reactivity of metallic surfaces in catalytic reactions.””
The solubility of alkali hydroxides in water is high with values of
12.5 g/100 ml, 100 g/100 ml, and 121.5 g/100 ml for LiOH, NaOH,
and KOH, respectively, at 298 K.” These high levels of solubility
provide opportunities to explore ion-solvation dynamics. The study
of charged species in water is essential in understanding the
chemistry of acids and bases, which forms the basis of transport
across fat and lipid membranes in the human body.” '* Sodium and
potassium ions play an important role in the exchange of nerve
signals,'* forming the basis of temperature sensing, insulin release,
and cardiac contraction.

Historically, lithium has been used in psychiatric medicine.'
The importance of lithium on humanity has increased due to its
widespread usage in rechargeable batteries.'® Other applications of
lithium include the use of its stearates in grease production.” Owing
to its weight, lithium has applications in the aero-industry as an
important addition to alloys. Lithium global consumption is touted
to reach 500000 tons by 2025.'® This increased consumption may
lead to a global shortage of lithium'”? in the future. It, therefore,
becomes essential to look at a more green and sustainable way for
Li production and recovery.”"** Wei et al.** have proposed a novel
way of recovering Li through the conversion of lithium phosphate to
LiOH. The transport of Li ions across membranes lies at the heart of
this process.

The common thread to all these applications lies in under-
standing the transport of alkali metal ions and the modifications to
the underlying structure of water due to the ions. There have been
multiple experimental’* ** and theoretical* ** studies carried out in
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this regard. Most of the studies on aqueous ionic solutions” ** have
revealed that the presence of the alkali ion results in local breakdown
of the tetrahedral water structures. Their properties are largely
governed by unique structures of hydration shells around cations
(e.g., Li*, Na®, K¥) and hydroxide ions (OH™), which have been
studied extensively using neutron”***">** and x-ray”” " scattering
experiments. In particular, Imberti et al. have studied the effects of
solute concentrations and ionic radius [r(Li+) < r(Na+) < r(K+)]
on the structures of cationic and hydroxide hydration shells.”

Neutron experiments have also been combined with molecular-
dynamics (MD) simulations to elucidate atomistic structures that
produce the observed scattering data. For example, MD simula-
tions using classical,””* quantum,”® and neural network” force fields
have been used to study aqueous NaOH solutions. Quantum molec-
ular dynamics (QMD) simulations have also been performed for
KOH solutions®” and a comparative study of NaOH and KOH
solutions.”” However, comprehensive QMD simulations have not
been performed to compare the structures of LiOH, NaOH, and
KOH and their concentration dependence. In addition to neutron
scattering for structural study, dynamic structure factors measured
by inelastic neutron scattering (INS) experiments provide valuable
knowledge about vibrational properties. However, QMD simula-
tions have not been used to calculate dynamic structure factors of
LiOH, NaOH, and KOH and their concentration dependence.

In this paper, we perform comprehensive QMD simulations
using the accurate SCAN functional’”®' to study structural and
vibrational properties of LiOH, NaOH, and KOH at solute con-
centrations ranging from 1 to 10M. We carry out a comprehensive
study of cation- and concentration-dependence of element-resolved
partial radial distribution functions and angular distribution
functions. In addition, both neutron and x-ray structure factors
are computed to guide future experiments. We also compute
velocity and current autocorrelation functions and corresponding
vibrational spectra and frequency-dependent conductivity to be
compared with inelastic neutron scattering and other optical
experiments.

Il. METHOD

We used the Vienna Ab initio Simulation Package (VASP)
software® to perform quantum molecular dynamics (QMD)
simulations.®® The electronic states are calculated using the projec-
tor augmented-wave (PAW) method®* in the framework of density
functional theory (DFT).®> The exchange-correlation effects are
incorporated using the SCAN functional.®’

We start simulations with a bulk water configuration taken
from our previous study of water,” which contains 108 H,O
molecules. To prepare an alkali hydroxide solution with a given
solute concentration, we randomly choose an appropriate number
of H,O molecules and, for each molecule, replace one of its two
H atoms by one cation M (M € {Li,Na,K}). We then adjust the
simulation box size to reproduce the experimental density and
relax the atomic positions to achieve a local energy-minimum
configuration.

After setting up the initial configuration, we first thermalize the
system by performing a QMD simulation in the canonical ensemble
(NVT) at temperature 303 K for 1000 steps, 0.4 ps with a time step
of 0.4 fs, followed by longer NVT thermalization for 8 ps with a time
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step of 1 fs. To obtain a room temperature configuration, we perform
a QMD simulation in the microcanonical ensemble (NVE) for 2 ps
with a time step of 0.25 fs, where the temperature controlled every
40 fs. Finally, we perform a MD simulation in the uninterrupted
NVE ensemble for 5 ps with a time step of 0.25 fs to compute
structural and vibrational correlation functions.

lll. VALIDATION OF SIMULATION RESULTS
WITH NEUTRON SCATTERING EXPERIMENTS

To validate our simulation results, we first compare calculated
structural properties with a recent neutron-scattering experiment
on NaOH by Semrouni et al., Phys. Chem. Chem. Phys. 21(13),
6828 (2019).! To accomplish this, we have applied the method
described above to 17M NaOH water solution as in the neutron
scattering experiment. For this system, we have computed the par-
tial pair distribution function gaﬁ(r), total pair distribution function

£(7),°® and neutron pair distribution function g, (r).°° The neutron
pair distribution function is defined as

Tap Cabucpbpgup(7)

(T bece)’ @

gn(r) =

where r is the pair distance and ¢, and b, are the concentration
and coherent neutron-scattering length of species «, respectively.
Figure 1 shows plots of pair distribution functions of Na-Na
(magenta), Na-H (red), Na-O (blue), H-H (green), H-O (purple),
and O-O (orange). The brown line shows the total pair distribution
function g(r). In the top figure, the blue and black lines, respec-
tively, represent the simulation and experimental' data for g, (7).
Our simulation results and experimental results are in good agree-
ment, while the simulated g,,(r) in Tig. | elucidates the origin of

each peak in gy (7). Namely, the first peak at 1 A comes from the
intramolecular H-O covalent bond, while the second peak at 1.7 A
is from the hydrogen bonds H-O and H-H. The third small bump
around 2.2 A is mainly from Na-0, and Na-H also contributes to it.
The fourth peak around 3 A mainly comes from H-O, and Na-Na
also contributes to it. The good agreement of the simulation data
with the experiment data thus validates our simulation method for
these systems.

To generate the neutron RDF g, (r), Semrouni ef al.' used a
Lorch modification function and a value of g, . of 40 A~ In addi-
tion to this, the authors removed the incoherent scattering from
the D-atom by subtracting real space intensity with a threshold
value of 0.7 A using various Fourier filter methods.””*® These
parameters have a small range of tolerance to produce slightly
different neutron RDF plots. Our results from QMD mostly agree
with their experimental results. However, it is likely that small
differences between QMD simulations and experimentally derived
g(r), in 2-4 A range, could be reduced a bit from slightly different
choices of values for these filter parameters. It should be noted,
however, that minor discrepancies between experimental and
QMD simulations are to be expected because of the approximate
exchange-correlation functional used in DFT for implementing
QMD simulations. In addition, these discrepancies can be used as a
guide to refine the exchange-correlation functional in DFT for this
class of systems.”””"
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FIG. 1. Partial pair distribution function g, (), total pair distribution function g(r),
and neutron pair distribution function g, (r) of 17M NaOH in water solution at
300 K. Na-Na pair, magenta; Na-H pair, red; Na-O pair, blue; H-H pair, green;
H-O pair, purple; O-O pair, orange; g(r), brown; g,,(r), blue. The black line is
experimental g (r) from reference. Numerals are coordination numbers at dis-
tances marked by the black arrows. In the fourth figure from the top, the red arrow
with a coordination of 2 indicates the hydrogen bond.

To provide more complete reference data for recent and future
scattering experiments, we also compute partial static structure
factors from the Fourier transform of corresponding partial pair
distribution functions,”

Sag(q) = Oap + 4ﬂp(cac/;)1/2/0w [gup(r) - l]smq#rzdr, (2)

where g is the wave number, p is the total number density, and c, is
the concentration of species a.

The neutron-scattering static structure is obtained from the
partial static structure factors by weighting them with concentration
and coherent neutron-scattering lengths,*

s babp(cacp) ' Sup(@)[Sup(q) — Oup + (cacp)'/?]
(O baca)z

SN(LI) = > (3)
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where b, is the coherent neutron-scattering length of species a.
The x-ray structure factor is obtained by

Sup fafs(cacs)*Sup(q)
(Za f“cﬁ)z

where f, is the x ray from factor of species a.

Figure 2 shows Sag(gq) for Na-Na (magenta), Na-H (red),
Na-O (blue), H-H (green), H-O (purple), and O-O (orange) pairs;
Sn(g) (brown); and Sx(q) (blue).

The DFT based first-principles simulation, where the atoms
are treated classically and the electron charge density is treated
quantum-mechanically to compute atomic forces, can lead to
discrepancies with experimental data, when we are dealing with
hydrogen motion at low temperatures. The nuclear quantum effect
(NQE) induced anharmonicity is expected to be quite common in
molecular solids/liquids at low temperatures, especially in systems
with “flexible” groups such as ~-OH, -CH3, and -NH,.

A promising solution is path integral molecular dynamics
(PIMD), in which the quantum partition function is mapped to a

Sx(q) = , 4)

[17 M NaOH in Water at 300 K|
T 2]
Ik Sx(@)
0 | R I
g d pe
= 1
w I BT R I
2
1
(13 T T T T T T
2
; H-0 S(q)
0
-1
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—_ 1
S ‘1) L I B L R
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FIG. 2. Partial structure factor S,s(q), neutron structure factor Sy(g), and
x-ray structure factor Sy (q) of 17M NaOH in water solution at 300 K. Na-Na
pair, magenta; Na-H pair, red; Na-O pair, blue; H-H pair, green; H-O pair, purple;
0-0 pair, orange; Sy(q), brown; Sx (q), blueberry.
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classical analog by using replicas (beads) connected by springs (ring
polymers) to represent each atom,”'”* which effectively extends the
phase space of the atomic system due to their zero-point motion.
This method is suited for problems when the particle zero-point
energy is not negligible with respect to the average thermal energy,
which is expected for hydrogen systems at low temperatures, such as
water and ammonia. We have examined the dynamics of ammonia
in liquid phase through PIMD simulations of 864 NH3 molecules in
a cubic simulation box of side 32 A at 205 K.”*

As most of the computational expense for ab initio PIMD
simulations comes from having to compute multiple replica DFT
simulations, the computational cost can be significantly decreased if
the underlying DFT simulations can be replaced by much cheaper
computational models. To accomplish this, we perform neural
network quantum molecular dynamics (NNQMD) based PIMD
simulations utilizing the recently developed group-theoretically
equivariant neural-network force field model called Allegro.”

In our inelastic neutron scattering (INS) study of solid and
liquid ammonia, we compared the INS measurements to DFT
simulations.”* We find that NQE induced anharmonicity funda-
mentally changes the predicted spectrum with conventional DFT
simulations, where we use neural network based PIMD simulations.
PIMD simulations can reproduce the hardening of N-H stretching
modes in the liquid phase.

In our simulations of water-alkali hydride solutions at room
temperature, the effect of NQE of hydrogen is expected to be rather

ARTICLE pubs.aip.org/aipl/jcp

small. Besides this, there are still uncertainties in as- practiced
DFT computations, where pseudo-potential approximation and
exchange-correlation approximations are used. There are varying
degrees of small errors in structural properties due to these
two approximations and more serious discrepancies in dynamical
behavior. However, it should be said that DFT based simulations do
provide a semi-quantitative description of structural properties of
materials.

IV. RESULTS

Having validated the simulation method for NaOH for 17M
concentration, we now present comprehensive structural and
vibrational properties for aqueous solutions of alkali hydroxides
(LiOH, NaOH, and KOH) using the same QMD method for solute
concentrations ranging between 1 and 10M.

A. Structural properties

To study structural properties, we first calculate the partial
pair distribution function, g, (r).%° Figures 3-6 plot the M-M
(magenta), M-H (red), M- O (blue), H-H (green), H-O (pur-
ple), and O-O (orange) pair distribution functions for MOH
(M € {Li,Na,K}), respectively, for 1, 2, 4, and 10M solute con-
centrations. For comparison and guidance, H-H, H-O, and O-O
pair distribution functions of pure water are shown as black dashed

(a) , [t MLIOH in Water at 300 K| (b) 4|1 M NaOH in Water at 300 K| (c) , [1m KOH in Water at 300K
L et 200M0) | o] ] ~00(H0)
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FIG. 3. Partial pair distribution function of 1M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted
lines are for pure water. M-M pair, magenta; M-H pair, red; M-O pair, blue; H-H pair, green; H-O pair, purple; O-O pair, orange. The coordination numbers are marked by
black arrows. In the second figure from the top, the red arrow with coordination of 2 indicates the hydrogen bond.
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FIG. 4. Partial pair distribution function of 2M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted
lines are for pure water. M-M pair, magenta; M-H pair, red; M-O pair, blue; H-H pair, green; H-O pair, purple; O-O pair, orange. The coordination numbers are marked by
black arrows. In the second figure from the top, the red arrow with coordination of 2 indicates the hydrogen bond.
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FIG. 5. Partial pair distribution function of 4M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted
lines are for pure water. M-M pair, magenta; M-H pair, red; M-O pair, blue; H-H pair, green; H-O pair, purple; O-O pair, orange. The coordination numbers are marked by
black arrows. In the second figure from the top, the red arrow with coordination of 2 indicates the hydrogen bond.
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FIG. 6. Partial pair distribution function of 10M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted
lines are for pure water. M-M pair, magenta; M-H pair, red; M-O pair, blue; H-H pair, green; H-O pair, purple; OO pair, orange. The coordination numbers are marked by
black arrows. In the second figure from the top, the red arrow with coordination of 2 indicates the hydrogen bond.

lines. Each black arrow is labeled by the coordination number at that
position. For each red arrow for g, (), the coordination number
includes a hydrogen bond.

To highlight the concentration dependence of the structural
correlations, Fig. 7 compares the total pair distribution function
g(r)*° of MOH (M € {Li,Na,K}) with 1, 2, 4, and 10M concen-
trations. The blue, green, purple, and orange lines correspond to 1,
2,4, and 10M.

In Fig. 8, we show the neutron pair distribution function g, (r)
of MOD (M € {Li,Na,K}) with 1, 2, 4, and 10M solute concentra-
tions. The blue, green, purple, and orange lines correspond to 1, 2, 4,
and 10M.

From Figs. 3-6 for g,s(r) for the four molar concentrations
of LiOH, NaOH, and KOH along with g(r) and gx(r) in Figs. 7
and 8, we infer the following. The first peak in g(r) and gn(7)
at 1 A is entirely from the O-H covalent bond. The second peak
around 1.8 A is from the O---H hydrogen bond, and its height
is affected by the concentration of M = Li, Na, and K. From the
second peak in H-H g,3(7) in Figs. 3-6, it is clear that the height
of this peak is consistently lower than that in pure water, as we
should expect. However, this O- - -H hydrogen bond peak overlaps
with the H-H peak that arises from water molecules also at 1.8 A.
The sum of these two main contributions is reflected in the second
peak in g(r) and gn(7) in Figs. 7 and 8. The region between 2.2 and
3 A reflects direct contributions from Li-O, Na-O, and K-O bonds.
From Figs. 3-6, one can see that, at all concentrations, the M-O

peak shifts to larger distances due to a larger size of K > Na > Li.
The Li-O peak is at 2 A, the Na-O peak is at 2.3 A, and the K-O
peak is at 2.8 A. This is clearly the size effect of the three ions. The
other prominent peak that overlaps in this region is the H---O-H
peak at 2.2 A. A monotonic behavior in the height of the second
peak in g(r) and gn(r) due to the hydrogen bond H---O is only
seen for LiOH in water; see Table I. This is mainly because Li is a
small ion and does not cause major disturbances in the hydrogen
bond network. In summary, the region between 2.2 and 3 A in g(r)
and gn(r) reflects the contributions from the M-O and M-H peaks
as well as the hydrogen bond H- - -O-H seen as the second peak in
H-H gal;(r )

In Table I, we can clearly see the ion size effect K > Na > Li. Li
disturbs the hydrogen bond network, the least and the second peak
height is monotonically decreasing with concentration for the LiOH
system, whereas the larger size effect of Na and K combined with
increasing concentration kills this simple pattern.

In Figs. 9-12, we show S,5(q) for M—M (magenta), M-H (red),
M-O (blue), H-H (green), H-O (purple), and O-O (orange) pairs
for MOH (M e {Li,Na,K}), respectively, for 1, 2, 4, and 10M solute
concentrations.

Figure 13 shows the neutron structure factor of deuterated
MOD (M € {Li,Na,K}) at 1, 2, 4, and 10M solute concentrations.
The blue, green, purple, and orange lines correspond to 1, 2, 4, and
10M. The radius where the highest peak occurs is increasing with
higher concentration.
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FIG. 7. Total pair distribution function of LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. 1M MOH, blue; 2M MOH, green; 4M MOH, purple; 10M MOH, orange.

M = Li, Na, K.

(a) |LiOD in Water (D,0) at 300 K

2 -
10 M LiOD
1
0] B S —
] |
' 4 M LiOD
—_ 1
S
~ ]
< 0 T T 1
(o)) ]
' ﬂ 2 M LiOD
1
0 T T 1
2 -
1 1 M LiOD
0 T
0 2 4 6

(b) [NaOD in Water (D,0) at 300 K]

2 -
10 M NaOD
1=
0 T T 1
2—
] 4 M NaOD
0] T T 1
2—
y 2 M NaOD
1=
0 T T 1
2 -
1 1 M NaOD
0 T T 1
0 2 4 6

Distance (r in A)

(c) [kOD in Water (D,0) at 300 K
2
10 M KOD

1—
0] T T 1
2 =
; 1 4 M KOD
0] T T 1
2 =

1 2 M KOD
1—
0] T T 1
10
; 1 M KOD
0 T T T

0 2 4 6

FIG. 8. Neutron pair distribution function of LiOD (a), NaOD (b), and KOD (c) in water (D,0) solution at 300 K. 1M MOD, blue; 2M MOD, green; 4M MOD, purple; 10M MOD,
orange. M = Li, Na, K.
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TABLE 1. Second peak height of g(r) and gy(r) from Figs. 7 and 8. Li, green; Na,
blue; K, red.

Li/K/Na g(r) second g () second
Molarity (M) peak height peak height
1 1.70 1.82

2 1.65 1.80

4 1.51 1.69

10 1.31 1.59

1 1.53 1.60

2 1.60 1.70

4 1.44 1.55

10 1.50 1.54

1 1.52 1.63

2 1.67 1.77

4 1.50 1.61

10 1.42 1.60

Figure 14 shows the x-ray structure factor of MOH
(M € {Li,Na,K}) at 1, 2, 4, and 10M solute concentrations.
The blue, green, purple, and orange lines correspond to 1, 2, 4, and
10M.

To study further details of the structural correlations,
Figs. 15-18 show bond-angle distributions,*® respectively, at con-
centrations 1, 2, 4, and 10M. The black dashed lines represent the
angles & H-O-H and ¢« O-0-O for pure water. One notable

ARTICLE pubs.aip.org/aipl/jcp

observation is the large concentration dependence of the O-O-O
distribution. At the lowest concentration of 1M (Fig. 15), the
0-0-0 distribution is close to that of pure water (black dotted
line), where the distributions of LiOH and water are nearly identical,
indicating little effect of solute on the hydrogen-bond (HB) network
in water. Meanwhile, we observe slightly more deviation from the
water case in NaOH and KOH. This is likely due to the larger ionic
radii of Na and K compared to that of Li, which geometrically disturb
the HB network to a greater extent.

To study the effects of solute concentrations and ionic radii on
the cation hydration shell, Fig. 19 compares all three cation-oxygen
coordination numbers nmo(r)(M € {Li,Na,K}) for different
concentrations. The gray dashed lines signify the coordination
number of 4, 5, and 6. In Fig. 19(a), for 1M, we see nrio(r) =4
between 2.3 and 3.2 A for LiOH, which indicates a clearly delineated
hydration shell consisting of four oxygens. In contrast, nxa.o () and
nko(r) do not exhibit flat n(r) for any radii in the range 2.5-3.5 A,
which indicates less ordered hydration shells for NaOH and KOH.
In contrast to nrio(r), nvao(r) and nko(r) do not have a clear
hydration shell that exhibits a radius range for which n(r) is flat.
Accordingly, we define the hydration-shell radius as an inflection
point, where the n(r) curve crosses over from convex to concave. In
Fig. 19(a), for NaOH, the inflection point of nnao(7) is ~3 A, where
nnao (1) value is = 5. Namely, aqueous NaOH has a diffuse cation
hydration shell that contains approximately five oxygens, more than
four in LiOH. For nko(r), the inflection point is at larger than 3 A,
where ngo(r) value is = 6 or larger. This signifies an even more
diffuse and longer-range hydration shell containing more O atoms
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FIG. 9. Partial structure factor of 1M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. M-M pair, magenta; M—H pair, red; M-O pair, blue; H-H pair, green; H-O

pair, purple; O-0 pair, orange. M = Li, Na, K.
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FIG. 10. Partial structure factor of 2M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. M-M pair, magenta; M-H pair, red; M-O pair, blue; H-H pair, green; H-O
pair, purple; O-0 pair, orange. M = Li, Na, K.

(a) |4 MLiOH in Water at 300 K (b) |4 M NaOH in Water at 300 K| (c) 4 M KOH in Water at 300 K
%] 0-0 S(9) 27 0-0 S(q) ] 0-0 S(q)
oA T I P S I P S
2+ 2- 24
13 - H-O S(q) 13 - H-O S(q) 13 . H-O S(q)
0 0 0
-1 A 1
2 2 . 2 .
Py 1:1 H-H S(q) 1:1 H-H S(q) 1:1 H-H S(q)
S o4t—F—T—TTTT1 T o4—F—T—TTTT1T 1 o4+—r—T—TTTT1T T
u -1 j -1 j -1 j
3 2 . 2 2
(7)) 13 Li-O S(q) 13 Na-O S(q) 1% K-O $(q)
0 0 0
-1 -1 -1
2 2 2
13 Li-H S(q) 13 Na-H S(q) 1% K-H S(q)
0 0 0
-1 -1 -1
27 Li-Li S(q) 27 Na-Na S(q) 27 K-K S(q)
1] 17 N
o4t—+—T-"""TTTTT o4t——T—TTTT T o4t——T—TTTT1T T
-1 —T T T T T T T T ST T T T
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Wave Number (q in A™)

FIG. 11. Partial structure factor of 4M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. M-M pair magenta; M-H pair, red; M-O pair, blue; H-H pair, green; H-O
pair, purple; O-0 pair, orange. M = Li, Na, K.
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FIG. 12. Partial structure factor of 10M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. M-M pair, magenta; M-H pair, red; M-O pair, blue; H-H pair, green; H-O
pair, purple; O-O pair, orange. M = Li, Na, K.
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FIG. 13. Neutron structure factor of LiOD (a), NaOD (b), and KOD (c) in water (D,0) solution at 300 K. 1M MOD, blue; 2M MOD, green; 4M MOD, purple; 10M MOD, orange.
M = Li, Na, K.
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Na, K.
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FIG. 15. Bond angle of 1M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted lines are for pure
water. H-M-O, magenta; O-M-0, red; M-H-O, blue; M-O-H, green; H-O-H, purple; 0-0-0, orange. M = Li, Na, K.
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FIG. 16. Bond angle of 2M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted lines are for pure
water. H-M-0, magenta; O-M-0, red; M-H-0, blue; M-O-H, green; H-O-H, purple; O-O-O0, orange. M = Li, Na, K.
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FIG. 17. Bond angle of 4M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted lines are for pure
water. H-M-0, magenta; O-M-0, red; M-H-0, blue; M-O-H, green; H-O-H, purple; O-O-O0, orange. M = Li, Na, K.
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FIG. 18. Bond angle of 10M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. The solid lines are for MOH solution (M = Li, Na, K), and the dotted lines are for
pure water. H-M-0O, magenta; O-M-0O, red; M-H-O, blue; M-O-H, green; H-O—-H, purple; 0-0-0, orange. M = Li, Na, K.
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dashed horizontal lines signify the coordination number of 4, 5, and 6.
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in KOH than in NaOH. At higher solute concentrations, 2-10M,
we observe much more disordered hydration shells for NaOH and
KOH. These results indicate that larger ionic radii and larger solute
concentrations give rise to more disordered cation hydration shells,
due to increased geometrical frustration. A similar effect of ionic
radius on the structure of cationic hydration shell was observed in
the dilute concentration limit using QMD simulations.”®

B. Dynamical properties

We next study vibrational correlations by computing velocity
and current autocorrelation functions. The velocity autocorrelation
function is defined as F(t) = (vi(t) - vi(0))/(vi(0) - vi(0)), where
v;(t) is the velocity of the ith atom at time ¢ and the brackets denote
the averages over ensembles and atoms. The current-current corre-
lation function is defined as G(t) = (J(¢) - J(0))/(J(0) - J(0)), where
the charge current is given by J(t) = ¥;zivi(t) with z; being the
charge of the ith ion.

The vibrational density of states is obtained by the Fourier
transform of the corresponding velocity autocorrelation function,®!

6N,

Fu(w) = 2 fo  Fu(t) cos (wt)d, 5)

where N, is the number of atoms of species a.

The frequency-dependent ionic conductivity can be calcu-
lated from the Fourier transform of the current—current correlation
function,

2(7(0)°)

G(@) = 3Vi,T

/O-oo G(t) cos (wt)dt, (6)

where V is the volume of the system and kg is the Boltzmann
constant.

As a reference point, Fig. 20 shows the vibrational density of
states and frequency-dependent ionic conductivity for pure water
(H,0). The blue, green, purple, and orange lines correspond to
G(w), Fy(w) of total, cation H, and anion O. The red arrows
with associated numbers show peak positions from our simula-
tion, whereas the black values are from the experimental data as a
comparison.”’

To understand the vibrational spectra of aqueous solutions
of alkali hydroxides (LiOH, NaOH, and KOH), we start with a
discussion of vibrational spectra of water. The H,O molecule has
three main experimental frequencies: -O-H symmetric stretch’® at
453.4 meV (3657 cm™!), O-H asymmetric stretch’® at 465 meV
(3756 cm™!), and H-O-H bending’® at 197.7 meV (1595 cm ™).
These three frequencies become bands in liquid water as shown in
Fig. 20, where the components’ vibrational density-of-states Fr(w)
and Fo(w) of total F(w) are also shown. We have also calculated
the current—current auto-correlation function, and its Fourier trans-
form is shown in the lower part of Fig. 20. Whereas the vibrational
density-of-states show all vibrational modes, independent of any
selection rules, G(w) only picks dipole active modes. Since the three
intramolecular modes of water are dipole active, a direct comparison
with G(w) in liquid water is of great value. In our QMD simulations
of liquid water, we observe these symmetric and asymmetric O-H
peaks at 406.6 and 424.6 meV and the H-O-H peak at 203 meV that
clearly track the molecular frequencies of an isolated H,O molecule.

ARTICLE pubs.aip.org/aipl/jcp

Water at 300 K

40

20+

F(w)

401

G(o)

0 100 200 300 400 500

Energy (meV)

FIG. 20. Vibrational density of states F(w) and Fourier transform of the
current-current correlation G(w) for pure water at 300 K. G(w), blue; F(w)
(total), green; F(w) (O), purple; F(w) (H), orange. In the bottom figure, the peaks
of G(w) are marked by red arrows. Numbers are peak positions—the simulation
values are in red and the experiment values are in black.

Our study agrees with the OH bending and stretching feature at
~200 and 450 meV, respectively.” "’ In addition to these
intramolecular vibrations of H,O molecule, in liquid water, we
will have modes arising from O-O interactions between molecules
and modes arising from small water clusters and a variety of
rotational-translational modes. These occur in a low frequency part
below 150 meV. The peak around ~30 meV has been attributed to
the frequency of the hydrogen bond stretches.®* The reorientation
of the water molecules has been attributed to the peak at 94 meV.

It should be pointed out here that the discrepancy between our
simulations and experiment is primarily due to pseudo-potential
approximation and the choice of SCAN exchange-correlation
function used in DFT calculations. To the best of our knowledge, no
exchange-correlation function reproduces experimental frequencies
in liquid water. Whereas structural correlations are determined
by the location of potential energy minima, the frequencies are
determined by the curvature of the potential energy function at
the minima. There are infinite number of curvature values for the
correct value of the minima; therefore, the deviation between the
experimental and simulation values for vibrational modes in liquid

J. Chem. Phys. 160, 134309 (2024); doi: 10.1063/5.0186058
© Author(s) 2024

160, 134309-14

G0:0%:91 ¥20Z Aen 0L


https://pubs.aip.org/aip/jcp

The Journal

ARTICLE pubs.aip.org/aipl/jcp

of Chemical Physics

(a) +0J_LiOH in Water at 300 K (b) 1o _LiOH in Water at 300 K (c) 10 _LIOH in Water at 300 K (d) 10 _LiOH in Water at 300 K
I 204 UL 0%  TUWMLI 20 L
20
0 (e N 48_.,.,.,... 48""""' 48""""'
40 i ir i i
] — - 4 M LiOH - 4 M LiOH % 2 4 M LiOH
= 4 M LiOH
5 20 E. 0 T T . T 9' it 16 2
— —~ 30 . e~ =
—_ 48_ T T T T 3 2] ML 3 2 <ML hd 20 <M LI
3 ~ 104 ~ —
I ; w T T T T L. O T T T 7 S o+ T 1 T
20 2 M LiOH 40 40 I 40
. 20 1 MLiOH 201\.‘ 1 M LiOH 20 1 MLiOH
1 T T T
07 ST e e e L 2
w0 1 M LiOH
] 20 H,O 20 H,0 20 H,0
0 T T T T 0 T T T T 0T T T T T 0
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

Energy (meV)

FIG. 21. Vibrational density of states of cation Li (a), H (b), anion O (c), and total (d) for LiOH in water solution at 300 K. 1M LiOH, blue; 2M LiOH, green; 4M LiOH, purple;

10M LiOH, orange.

are much more substantial when compared to structural values.
However, these deviations between the simulation and experimen-
tal values in vibrational modes in liquid can be used as a tool to
refine the exchange-correlation functions used in DFT calculations
for water and related systems.

Since we are dealing with dilute solutions of alkali hydroxides in
water, the above discussions are an easy guide to an understanding
of the vibrational spectra of aqueous solutions of alkali hydroxide
(LiOH, NaOH, and KOH) systems.

Figures 21-23 show the vibrational density of states of cation
M, H, anion O, and total for MOH (M € {Li,Na,K}) at 1,2, 4,and

(a) 10| NaOH in Water at 300 K (b) 10| NaOH in Water at 300 K
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10M solute concentrations. The blue, green, purple, and orange lines
correspond to 1, 2, 4, and 10M. The magenta lines are for pure water.

Figure 24 shows the frequency-dependent ionic conductivity
for MOH (M € {Li,Na,K}) at 1, 2, 4, and 10M solute concentra-
tions. The blue, green, purple, and orange lines correspond to 1,
2, 4, and 10M. As a comparison, the magenta lines are for pure
water.

Figures 25-28 show the vibrational density of states
and frequency-dependent ionic conductivity for MOH
(M € {Li,Na,K}), respectively, at 1, 2, 4, and 10M solute
concentrations. The magenta, blue, green, purple, and orange

Energy (meV)

FIG. 22. Vibrational density of states of cation Na (a), H (b), anion O (c), and total (d) for NaOH in water solution at 300 K. 1M NaOH, blue; 2M NaOH, green; 4M NaOH,

purple; 10M NaOH, orange.
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FIG. 23. Vibrational density of states of cation K (a), H (b), anion O (c), and total (d) for KOH in water solution at 300 K. 1M KOH, blue; 2M KOH, green; 4M KOH, purple;

10M KOH, orange.
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FIG. 24. Frequency-dependent ionic conductivity for LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. Pure water, magenta; 1M MOH, blue; 2M MOH, green; 4M
MOH, purple; 10M MOH, orange. M = Li, Na, K.

lines correspond to G(w), Fy(w) of total, cation M, H, and

anion O.

From the above figures, it is easy to see that the H-O-H
symmetric and antisymmetric modes in these solutions correspond

to symmetric and antisymmetric modes’® of a single H,O molecule
at 453.4 meV and 465 meV, respectively. These modes are most
strongly affected by LiOH, NaOH, and KOH in water, especially at
higher concentrations.
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FIG. 25. Density of states F(w) and current-current correlation G(w) for 1M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. G(w), magenta; F(w) (total),
blue; F(w) (O), green; F(w) (H), purple; F(w) (M), orange. M = Li, Na, K.
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FIG. 26. Density of states F(w) and current-current correlation G(w) for 2M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. G(w), magenta; F(w) (total),
blue; F(w) (O), green; F(w) (H), purple; F(w) (M), orange. M = Li, Na, K.
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(c) 40|4 M KOH in Water at 300 K
Tl
‘k

F(0) [K]

F(o) [H]

20 F(o) [O]

G(w)

0 100 200 300 400 500

FIG. 27. Density of states F(w) and current-current correlation G(w) for 4M LiOH (a), NaOH (b), and KOH (c) in water solution at 300 K. G(w), magenta; F(w) (total),
blue; F(w) (O), green; F(w) (H), purple; F(w) (M), orange. M = Li, Na, K.
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blue; F(w) (O), green; F(w) (H), purple; F(w) (M), orange. M = Li, Na, K.
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V. SUMMARY

We have provided comprehensive computational data for
structural and vibrational properties for aqueous solutions of alkali
hydroxides (LiOH, NaOH, and KOH) using quantum molecular
dynamics simulations for solute concentrations ranging between
1 and 10M. Atomistic structures underlying neutron and x-ray
structure factors have been studied, including positive correlations
between the effects of cationic radii and solute concentrations.
We have also validated the calculated structural properties with
available neutron data. In addition, velocity and current autocorre-
lation functions have been computed, along with the corresponding
vibrational spectra to be compared with inelastic neutron scattering
and other optical experiments. We are currently planning neutron-
scattering experiments on these systems using these ab initio data as
a guidance.
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